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Abstract
We propose a model for dark matter and dark radiation, based on a strongly-coupled dark SU(5)
gauge theory with fundamental and decuplet dark-quarks. The model supports light dark-baryons,
respecting the chiral symmetry, which are electrically neutral but have electromagnetic form factors,
and also a light dark-axion. Since the coupling of dark baryons to the standard model particles is
inversely proportional to the square of the confinement scale, dark baryons become either hot dark
matter or cold dark matter, depending on when the dark color confines. For the confinement scale
Λ ∼ 10− 103 GeV the dark baryons of mass about 1 GeV− 1 MeV become cold dark matter with
naturally small magnetic moment and give the correct relic abundance.
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I. INTRODUCTION
Dark matter (DM) is widely believed to be one of the major components that make up our
universe [1]. Though its origin is uncovered yet, the most popular explanation for DM is that
it is made of weakly interacting massive particles (WIMP) that naturally arise with mass of a
few hundred GeV in the models beyond the standard model (BSM) of particle physics. Such
weakly interacting particles are thermally produced in early universe to give the correct relic
density of our present universe. But, it has so far escaped all the searches that have been
performed until now. Another popular theoretical candidate for DM is the axion, which is the
pseudo Nambu-Goldstone boson of the spontaneously broken U(1)PQ symmetry, introduced
to solve the strong CP problem in the standard model [2]. If the axion decay constant or the
scale of the Peccei-Quinn (PQ) symmetry breaking is fPQ ∼ 109− 1012 GeV, then the axion
becomes very light, maxion ∼ 10−2− 10−5 eV, and abundantly produced in early universe to
become the significant component of DM at present [3–6].
Recently however there have been lots of activities in both theory and also in experiments
to probe the dark matter much lighter than a typical WIMP [7]. Among them the strongly
interacting massive particles (SIMP) have been studied intensively. The SIMP models are
not directly related to the BSM models that address the problems of the standard model,
but they offer new windows for the dark matter searches to probe vast ranges of the DM
mass [8]. Furthermore, having significant self-interactions, they could explain the problems
in the structure formation of our universe that WIMP models fail to explain [9].
In this letter we propose a new model of DM that contains very light and stable dark
baryons and also very light dark axions. If the dark-baryon mass is vanishingly small, they
become dark radiation. The model is based on a strongly coupled gauge theory that is
confined but does not break all the chiral symmetries of the theory in the infrared (IR). In
the confined phase the spin-1
2
dark-baryons do exist and saturate the flavor anomalies of the
ultraviolet (UV) sector of the theory. The dark baryons therefore remain massless in the IR
without breaking the chiral symmetry 1 by the ’t Hooft anomaly matching condition [10]. For
the dark-baryon DM, we break the chiral symmetry explicitly to give the dark baryons small
mass and a magnetic moment, keeping them neutral however. The dark baryons therefore
1 Another consistent solution to the ’t Hooft anomaly matching would be the broken chiral symmetry in the
IR as in quantum chromodynamics (QCD), where the Nambu-Goldstone bosons saturate the anomaly.
2
couple to the standard model particles electromagnetically and are produced thermally in
the early universe to constitute DM of our universe. The model has in addition a very light
dark-axion or dark η′ that is potentially a good candidate for the hot DM. One of dark
baryons in the model could be dark radiation, contributing the radiation energy density but
well within the constraints from the cosmic microwave background (CMB) data, if we take
its mass to vanish, as the mass is tunable in our model.
Our model is a minimal model that provides naturally multicomponent dark matter and
dark radiation with light dark-baryons and very light dark-axions, which might be needed
to explain many observational data from sky that a single dark matter fails to explain [11].
II. DARK MATTER MODEL
Consider a SU(5) gauge theory with two massless fundamental dark-quarks qai (a = 1, 2)
and two massless decuplet dark-quarks Qαij (α = 1, 2) in the second-rank antisymmetric ten-
sor representation, where i, j = 1, · · · , 5 are the SU(5) dark-color indices. Both quarks carry
a dark-baryon number U(1)B, the dark-axial charge U(1)A, and also the electric charges.
(See Table I.) The theory then has the chiral symmetry Gf ⊗Gas, where
Gf = SU(2)
f
L × SU(2)fR and Gas = SU(2)asL × SU(2)asR . (1)
TABLE I: The matter content of the light dark-baryon model
SU(5) SU(2)f SU(2)as U(1)B U(1)A U(1)em
qai 1
1
5 qf
2
5
Qαij 1
2
5 qas −15
χa 1 1 1 qf + 2qas 0
A. ’t Hooft anomaly matching and chiral symmetry breaking
As shown by ’t Hooft [10], the low-energy spectrum of gauge theories is highly constrained
by the flavor anomalies. Since the flavor anomalies are invariant under the renormalization
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FIG. 1: The U(1)B ⊗
[
SU(2)f
]2
flavor anomaly of the SU(5) theory.
group flow, the flavor anomaly of the ultraviolet sector has to match that of the infrared
sector, which is nontrivial for the confining theories such as the non-abelian gauge theories
with small number of flavors. Indeed, Coleman and Witten showed by using the ’t Hooft
anomaly matching condition that the chiral symmetry in QCD with the number of flavors
more than two has to be broken [12]. Similarly one can show that the chiral symmetry Gas
of dark quarks in the antisymmetric representation of the SU(5) gauge theory has to be
broken, because otherwise the ’t Hooft anomaly matching condition is not satisfied in the
infrared. However, we find that the chiral symmetry Gf of the fundamental dark-quarks
does not have to be broken, since the flavor anomaly of the fundamental dark-quarks is
matched in the IR by the massless spin-1
2
baryons.
When dark-quarks of both fundamental and second-rank antisymmetric representations
are present, the SU(5) gauge theory supports a spin-1
2
dark-baryon, called a chimera dark-
baryon, made of dark-quarks in two different representations, given as, suppressing the spin
indices,
χa ∼ αβqaiQαjkQβlmijklm , (2)
where i, j, k, l,m = 1, .., 5 are the color indices and a, α, β = 1, 2 are the flavor indices. We
note that the chimera dark-baryons are spin-1
2
and form a doublet under the SU(2)f flavor
symmetry of the fundamental dark-quarks, while being a singlet under the SU(2)as flavor
symmetry of the dark-quarks in the antisymmetric second-rank representation.
The triangle anomaly, shown in Fig. 1, is given as, assuming the chimera dark-baryons
are massless,
(p+ q)λΓabµνλ = −
1
pi2
Aabµνλσp
λqσ , (3)
4
where
Γabµνλ(p, q,−p− q) =
∫
d4x d4y eip·xeiq·y
〈
Tjaµ(x)j
b
ν(y)j
B
λ (0)
〉
(4)
with the SU(2) flavor currents (TA = τa) and the U(1)B dark-baryon currents (T
A = B)
defined for the UV and IR theories respectively as
jAµ = q¯LγµT
AqL (UV) ; j
A
µ = χ¯LγµT
AχL (IR) . (5)
We find that the coefficients of the UV and IR anomalies match,
AabUV =
1
5
· 5 Tr (τaτ b) , AabIR = 1 · Tr (τaτ b) , (6)
where τa’s are the SU(2) generators. On the other hand, the flavor anomaly of U(1)B ⊗
[SU(2)asL ]
2 is not matched in the infrared, because the chimera baryon is singlet under
SU(2)as, while the antisymmetric second-rank dark-quarks are a doublet. Therefore in the
IR only the chiral symmetry Gas of the two-index antisymmetric dark-quarks Q
α
ij has to be
spontaneously broken down to its vectorial subgroup, leading to three massless dark-pions
piA (A = 1, 2, 3):
Gf ⊗Gas 7→ Gf ⊗ SU(2)asV . (7)
B. The chiral effective Lagrangian for light dark baryons and dark mesons
Since the chimera dark-baryons are singlet under the flavor symmetry SU(2) of the decu-
plet quarks, Qij, they couple to the dark pions or the small fluctuations of Q
αQ¯β condensates,
only through the flavor-singlet operators of dark pions, which is therefore quite supporessed.
The leading interaction terms between them are the following dimension 8 operators:
Lint 3 c8
f 4pi
χ¯ 6∂χ (∂µpiA)2 , (8)
where fpi is the dark-pion decay constant.
The U(1)A symmetry is in general anomalous and the dark-axion a or the flavor singlet
Nambu-Goldstone boson of the
〈
QαQ¯β
〉
condensate couples to the dark SU(5) gauge fields
with the field strength tensor Gµν and its dual G˜µν ,
Lda 3 ca
16pi2
a
fa
TrGµνG˜
µν , (9)
5
where the dark-axion coupling
ca = qfC2(F ) + qasC2(AS) . (10)
By choosing the axial charges of dark-quarks, qf = 7 and qas = −3, to be inversely pro-
portional to the eigenvalues of the quadratic Casimirs 2, we cancel the axial SU(5) anomaly,
ca = 0, to have the dark-axion lighter than or comparable to dark pions [13]
ma .
√
3mpi . (11)
If we choose the current mass for the decuplet dark-quarks, mQ = diag(mU ,mD), such that
mU  mD, the dark axion becomes much lighter than dark pions, ma  mpi. The major
components of dark matter in our model are then the light dark-baryons and very light
dark-axions. They couple to each other at the leading-order as
Laχ 3 caχ
fa
∂µa χ¯γ
µγ5χ , (12)
which gives the 3→ 2 process of χχχ¯ 7→ χa, that is needed for the SIMP model.
C. Very light dark-axions
Though the dark SU(5) anomaly is absent, the dark axions decay into two photons by
the axial anomaly 3,
Laγγ = cγ
32pi2
· 6a
fa
FµνF˜
µν , (13)
where Fµν and F˜µν are the (dual) field-strength tensors of the photon fields and cγ =[(
2
5
)2 · 5 · 2 + (1
5
)2 · 10 · 2] e2 = 12
5
e2 .
If we introduce a current mass mQ  Λ for the decuplet dark-quark Qαij, it will lift the
vacuum degeneracy to induce a potential for the dark-axion fields, given at the leading order
in mQ as
V (a) = mQ Λ
3 cos
(
6a
fa
)
, (14)
2 For SU(N), C2(F )/C2(AS) = (N
2 − 1)/2(N − 1)(N + 2).
3 The dark axions will decay into two dark baryons, if heavier than twice of dark baryons, ma > 2mχ,
which could be seen at Belle II as e+e− → γ + 6ET .
6
where fa is the dark-axion decay constant and Λ is defined by the decuplet dark-quark
condensation, 〈
QαQ¯β
〉
= Λ3δαβ . (15)
The condensation scale Λ is of the order of the confinement scale below which all the exci-
tations are dark-color singlets 4. The dark axion gets a mass ma that satisfies
f 2am
2
a ' 36mQΛ3 . (16)
Since the dark-axion decay constant is of the order of the condensation scale fa ∼ Λ, the
dark-axion mass is given as
ma ∼
√
mQ Λ Λ . (17)
III. RELIC ABUNDANCES
A. Light dark-baryon
In the infrared our SU(5) DM model has a doublet of massless Dirac (chimera) dark-
baryons that are electrically neutral, though their constituents carry electric charges. Since
the chiral symmetry of the dark-quarks in the antisymmetric second-rank representation
is spontaneously broken, they get a dynamical mass, though confined. As the ’t Hooft
anomaly matching indicates, it is however possible to form massless (dark) baryons with
massive constituents [14]. In order for them to be a good candidate for DM, we give them
a small (Dirac) mass, mχ, which should be independent of the confining scale ∼ Λ but
proportional to the current mass of the fundamental dark-quark, mq, because the dark-
baryon mass vanishes in the chiral limit 5 or mq → 0 [10, 15].
When the dark baryon has a small Dirac mass, it breaks the chiral symmetry and will
naturally induce a magnetic dipole moment, µχ, for the dark baryon, since its constituents
are electrically charged:
µχ = g
e
2mχ
, (18)
4 We assume they are same, as the recent lattice calculation for the SU(4) gauge theory shows indeed two
scales are equal [16].
5 Since the current mass, mQ, for the decuplet dark-quark does not break Gf or the chiral symmetry of
the dark-baryon, the dark-baryon mass does not depend on mQ at least at the leading order in the small
mass limit.
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<latexit sha1_base64="frmEQcSGy7hrmKChyrPINRARbHs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqM eCBz22YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/ 9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXvK7U7/I4inAG53AJHt SgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB25qM+Q==</latexit><latexit sha1_base64="frmEQcSGy7hrmKChyrPINRARbHs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqM eCBz22YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/ 9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXvK7U7/I4inAG53AJHt SgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB25qM+Q==</latexit><latexit sha1_base64="frmEQcSGy7hrmKChyrPINRARbHs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqM eCBz22YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/ 9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXvK7U7/I4inAG53AJHt SgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB25qM+Q==</latexit><latexit sha1_base64="frmEQcSGy7hrmKChyrPINRARbHs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqM eCBz22YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/ 9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXvK7U7/I4inAG53AJHt SgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB25qM+Q==</latexit>
p0
<latexit sha1_base64="Jlz03yhkRkqyRicpqUR2jqXUeDM=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9B jwoMcI5oHJGmYnnWTI7OwwMyuEJX/hxYMiXv0bb/6Nk2QPmljQUFR1090VKcGN9f1vb2V1bX1js7BV3N7Z3dsvHRw2TJJqhnWWiES3ImpQcIl1y63AltJI40hgMxpdT/3mE2rDE3lvxwrDmA4k73NGrZMe1GPWUZrHOOmWyn7Fn4EskyAn ZchR65a+Or2EpTFKywQ1ph34yoYZ1ZYzgZNiJzWoKBvRAbYdlTRGE2aziyfk1Ck90k+0K2nJTP09kdHYmHEcuc6Y2qFZ9Kbif147tf2rMONSpRYlmy/qp4LYhEzfJz2ukVkxdoQyzd2thA2ppsy6kIouhGDx5WXSOK8EfiW4uyhXb/I4Cn AMJ3AGAVxCFW6hBnVgIOEZXuHNM96L9+59zFtXvHzmCP7A+/wBAPGRIg==</latexit><latexit sha1_base64="Jlz03yhkRkqyRicpqUR2jqXUeDM=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9B jwoMcI5oHJGmYnnWTI7OwwMyuEJX/hxYMiXv0bb/6Nk2QPmljQUFR1090VKcGN9f1vb2V1bX1js7BV3N7Z3dsvHRw2TJJqhnWWiES3ImpQcIl1y63AltJI40hgMxpdT/3mE2rDE3lvxwrDmA4k73NGrZMe1GPWUZrHOOmWyn7Fn4EskyAn ZchR65a+Or2EpTFKywQ1ph34yoYZ1ZYzgZNiJzWoKBvRAbYdlTRGE2aziyfk1Ck90k+0K2nJTP09kdHYmHEcuc6Y2qFZ9Kbif147tf2rMONSpRYlmy/qp4LYhEzfJz2ukVkxdoQyzd2thA2ppsy6kIouhGDx5WXSOK8EfiW4uyhXb/I4Cn AMJ3AGAVxCFW6hBnVgIOEZXuHNM96L9+59zFtXvHzmCP7A+/wBAPGRIg==</latexit><latexit sha1_base64="Jlz03yhkRkqyRicpqUR2jqXUeDM=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9B jwoMcI5oHJGmYnnWTI7OwwMyuEJX/hxYMiXv0bb/6Nk2QPmljQUFR1090VKcGN9f1vb2V1bX1js7BV3N7Z3dsvHRw2TJJqhnWWiES3ImpQcIl1y63AltJI40hgMxpdT/3mE2rDE3lvxwrDmA4k73NGrZMe1GPWUZrHOOmWyn7Fn4EskyAn ZchR65a+Or2EpTFKywQ1ph34yoYZ1ZYzgZNiJzWoKBvRAbYdlTRGE2aziyfk1Ck90k+0K2nJTP09kdHYmHEcuc6Y2qFZ9Kbif147tf2rMONSpRYlmy/qp4LYhEzfJz2ukVkxdoQyzd2thA2ppsy6kIouhGDx5WXSOK8EfiW4uyhXb/I4Cn AMJ3AGAVxCFW6hBnVgIOEZXuHNM96L9+59zFtXvHzmCP7A+/wBAPGRIg==</latexit><latexit sha1_base64="Jlz03yhkRkqyRicpqUR2jqXUeDM=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9B jwoMcI5oHJGmYnnWTI7OwwMyuEJX/hxYMiXv0bb/6Nk2QPmljQUFR1090VKcGN9f1vb2V1bX1js7BV3N7Z3dsvHRw2TJJqhnWWiES3ImpQcIl1y63AltJI40hgMxpdT/3mE2rDE3lvxwrDmA4k73NGrZMe1GPWUZrHOOmWyn7Fn4EskyAn ZchR65a+Or2EpTFKywQ1ph34yoYZ1ZYzgZNiJzWoKBvRAbYdlTRGE2aziyfk1Ck90k+0K2nJTP09kdHYmHEcuc6Y2qFZ9Kbif147tf2rMONSpRYlmy/qp4LYhEzfJz2ukVkxdoQyzd2thA2ppsy6kIouhGDx5WXSOK8EfiW4uyhXb/I4Cn AMJ3AGAVxCFW6hBnVgIOEZXuHNM96L9+59zFtXvHzmCP7A+/wBAPGRIg==</latexit>
q
<latexit sha1_base64="tkIV/HMMZjhKY5KXgrcQl3dDAJ4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0G PBgx5bsB/QhrLZTtq1m03c3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSzvzSRBP6JDyUPOqLFS47FfrrhVdw6ySrycVCBHvV/+ 6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eZxFOEETuEcPL iCGtxBHZrAAOEZXuHNeXBenHfnY9FacPKZY/gD5/MH3R6M+g==</latexit><latexit sha1_base64="tkIV/HMMZjhKY5KXgrcQl3dDAJ4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0G PBgx5bsB/QhrLZTtq1m03c3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSzvzSRBP6JDyUPOqLFS47FfrrhVdw6ySrycVCBHvV/+ 6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eZxFOEETuEcPL iCGtxBHZrAAOEZXuHNeXBenHfnY9FacPKZY/gD5/MH3R6M+g==</latexit><latexit sha1_base64="tkIV/HMMZjhKY5KXgrcQl3dDAJ4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0G PBgx5bsB/QhrLZTtq1m03c3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSzvzSRBP6JDyUPOqLFS47FfrrhVdw6ySrycVCBHvV/+ 6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eZxFOEETuEcPL iCGtxBHZrAAOEZXuHNeXBenHfnY9FacPKZY/gD5/MH3R6M+g==</latexit><latexit sha1_base64="tkIV/HMMZjhKY5KXgrcQl3dDAJ4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0G PBgx5bsB/QhrLZTtq1m03c3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSzvzSRBP6JDyUPOqLFS47FfrrhVdw6ySrycVCBHvV/+ 6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eZxFOEETuEcPL iCGtxBHZrAAOEZXuHNeXBenHfnY9FacPKZY/gD5/MH3R6M+g==</latexit>q
<latexit sha1_base64="tkIV/HMMZjhKY5KXgrcQl3d DAJ4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBgx5bsB/QhrLZTtq1m03c3Qgl9Bd48aCIV3+SN/+N2z YHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkK leSzvzSRBP6JDyUPOqLFS47FfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj 1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3Ej aiijJjsynZELzll1dJ66LquVWvcVmp3eZxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXBenHfnY9FacPKZY/gD5/MH3R6 M+g==</latexit><latexit sha1_base64="tkIV/HMMZjhKY5KXgrcQl3d DAJ4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBgx5bsB/QhrLZTtq1m03c3Qgl9Bd48aCIV3+SN/+N2z YHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkK leSzvzSRBP6JDyUPOqLFS47FfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj 1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3Ej aiijJjsynZELzll1dJ66LquVWvcVmp3eZxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXBenHfnY9FacPKZY/gD5/MH3R6 M+g==</latexit><latexit sha1_base64="tkIV/HMMZjhKY5KXgrcQl3d DAJ4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBgx5bsB/QhrLZTtq1m03c3Qgl9Bd48aCIV3+SN/+N2z YHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkK leSzvzSRBP6JDyUPOqLFS47FfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj 1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3Ej aiijJjsynZELzll1dJ66LquVWvcVmp3eZxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXBenHfnY9FacPKZY/gD5/MH3R6 M+g==</latexit><latexit sha1_base64="tkIV/HMMZjhKY5KXgrcQl3d DAJ4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBgx5bsB/QhrLZTtq1m03c3Qgl9Bd48aCIV3+SN/+N2z YHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkK leSzvzSRBP6JDyUPOqLFS47FfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj 1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3Ej aiijJjsynZELzll1dJ66LquVWvcVmp3eZxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXBenHfnY9FacPKZY/gD5/MH3R6 M+g==</latexit>
X
⇢
g⇢
m2⇢   q2
<latexit sha1_base64="IA25iFHdDHyeF4+UDxfLoR6b6cg=">AAACE3icbVDLSsNAFJ3UV62vqEs3wSKIYEmKoMuCC11WsA9o2jCZTtqh84gzE6GE/IMbf8WNC0XcunHn3zhtI2jr gQtnzrmXufeEMSVKu+6XVVhaXlldK66XNja3tnfs3b2mEolEuIEEFbIdQoUp4bihiaa4HUsMWUhxKxxdTvzWPZaKCH6rxzHuMjjgJCIIaiMF9omvEhakvhyKzI8kROkgf2Xpj96rnt71qllgl92KO4WzSLyclEGOemB/+n2BEoa5RhQq1fHcWHdTKDVBFGclP1E4hmgEB7hjKIcMq246vSlzjozSdyIhTXHtTNXfEylkSo1ZaDoZ1EM1703E/7xOoqOLbkp4nGjM0eyjKKGOFs4 kIKdPJEaajg2BSBKzq4OG0CSjTYwlE4I3f/IiaVYrnlvxbs7Ktas8jiI4AIfgGHjgHNTANaiDBkDgATyBF/BqPVrP1pv1PmstWPnMPvgD6+Mb+Vafcw==</latexit><latexit sha1_base64="IA25iFHdDHyeF4+UDxfLoR6b6cg=">AAACE3icbVDLSsNAFJ3UV62vqEs3wSKIYEmKoMuCC11WsA9o2jCZTtqh84gzE6GE/IMbf8WNC0XcunHn3zhtI2jr gQtnzrmXufeEMSVKu+6XVVhaXlldK66XNja3tnfs3b2mEolEuIEEFbIdQoUp4bihiaa4HUsMWUhxKxxdTvzWPZaKCH6rxzHuMjjgJCIIaiMF9omvEhakvhyKzI8kROkgf2Xpj96rnt71qllgl92KO4WzSLyclEGOemB/+n2BEoa5RhQq1fHcWHdTKDVBFGclP1E4hmgEB7hjKIcMq246vSlzjozSdyIhTXHtTNXfEylkSo1ZaDoZ1EM1703E/7xOoqOLbkp4nGjM0eyjKKGOFs4 kIKdPJEaajg2BSBKzq4OG0CSjTYwlE4I3f/IiaVYrnlvxbs7Ktas8jiI4AIfgGHjgHNTANaiDBkDgATyBF/BqPVrP1pv1PmstWPnMPvgD6+Mb+Vafcw==</latexit><latexit sha1_base64="IA25iFHdDHyeF4+UDxfLoR6b6cg=">AAACE3icbVDLSsNAFJ3UV62vqEs3wSKIYEmKoMuCC11WsA9o2jCZTtqh84gzE6GE/IMbf8WNC0XcunHn3zhtI2jr gQtnzrmXufeEMSVKu+6XVVhaXlldK66XNja3tnfs3b2mEolEuIEEFbIdQoUp4bihiaa4HUsMWUhxKxxdTvzWPZaKCH6rxzHuMjjgJCIIaiMF9omvEhakvhyKzI8kROkgf2Xpj96rnt71qllgl92KO4WzSLyclEGOemB/+n2BEoa5RhQq1fHcWHdTKDVBFGclP1E4hmgEB7hjKIcMq246vSlzjozSdyIhTXHtTNXfEylkSo1ZaDoZ1EM1703E/7xOoqOLbkp4nGjM0eyjKKGOFs4 kIKdPJEaajg2BSBKzq4OG0CSjTYwlE4I3f/IiaVYrnlvxbs7Ktas8jiI4AIfgGHjgHNTANaiDBkDgATyBF/BqPVrP1pv1PmstWPnMPvgD6+Mb+Vafcw==</latexit><latexit sha1_base64="IA25iFHdDHyeF4+UDxfLoR6b6cg=">AAACE3icbVDLSsNAFJ3UV62vqEs3wSKIYEmKoMuCC11WsA9o2jCZTtqh84gzE6GE/IMbf8WNC0XcunHn3zhtI2jr gQtnzrmXufeEMSVKu+6XVVhaXlldK66XNja3tnfs3b2mEolEuIEEFbIdQoUp4bihiaa4HUsMWUhxKxxdTvzWPZaKCH6rxzHuMjjgJCIIaiMF9omvEhakvhyKzI8kROkgf2Xpj96rnt71qllgl92KO4WzSLyclEGOemB/+n2BEoa5RhQq1fHcWHdTKDVBFGclP1E4hmgEB7hjKIcMq246vSlzjozSdyIhTXHtTNXfEylkSo1ZaDoZ1EM1703E/7xOoqOLbkp4nGjM0eyjKKGOFs4 kIKdPJEaajg2BSBKzq4OG0CSjTYwlE4I3f/IiaVYrnlvxbs7Ktas8jiI4AIfgGHjgHNTANaiDBkDgATyBF/BqPVrP1pv1PmstWPnMPvgD6+Mb+Vafcw==</latexit>
=<latexit sha1_base64="Wh+tWP3tJyDF7213BwnAhNWOoa0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqB eh4MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjf3O0+oNI/lg5km6Ed0JHnIGTVWat4OyhW36i5A1omXkwrkaAzK X/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFofOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmX5MhV8iMmFpCmeL2VsLGVFFmbDYlG4K3+vI6aV9VPbfqNa8r9W4eRxHO4BwuwY Ma1OEeGtACBgjP8ApvzqPz4rw7H8vWgpPPnMIfOJ8/k2uM1w==</latexit><latexit sha1_base64="Wh+tWP3tJyDF7213BwnAhNWOoa0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqB eh4MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjf3O0+oNI/lg5km6Ed0JHnIGTVWat4OyhW36i5A1omXkwrkaAzK X/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFofOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmX5MhV8iMmFpCmeL2VsLGVFFmbDYlG4K3+vI6aV9VPbfqNa8r9W4eRxHO4BwuwY Ma1OEeGtACBgjP8ApvzqPz4rw7H8vWgpPPnMIfOJ8/k2uM1w==</latexit><latexit sha1_base64="Wh+tWP3tJyDF7213BwnAhNWOoa0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqB eh4MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjf3O0+oNI/lg5km6Ed0JHnIGTVWat4OyhW36i5A1omXkwrkaAzK X/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFofOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmX5MhV8iMmFpCmeL2VsLGVFFmbDYlG4K3+vI6aV9VPbfqNa8r9W4eRxHO4BwuwY Ma1OEeGtACBgjP8ApvzqPz4rw7H8vWgpPPnMIfOJ8/k2uM1w==</latexit><latexit sha1_base64="Wh+tWP3tJyDF7213BwnAhNWOoa0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqB eh4MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjf3O0+oNI/lg5km6Ed0JHnIGTVWat4OyhW36i5A1omXkwrkaAzK X/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFofOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmX5MhV8iMmFpCmeL2VsLGVFFmbDYlG4K3+vI6aV9VPbfqNa8r9W4eRxHO4BwuwY Ma1OEeGtACBgjP8ApvzqPz4rw7H8vWgpPPnMIfOJ8/k2uM1w==</latexit>
FIG. 2: Vector dominance in the form factor
where the gyromagnetic ratio g is a non-perturbative quantity and will deviate significantly
from 2, the Dirac value, for the dark baryon. One can estimate its value in certain approx-
imations such as the vector meson dominance or the gauge-gravity duality [17–19], which
generally works well in the confined gauge theory for the large-color limit, Nc →∞.
The matrix elements of an external electromagnetic current for the dark-baryon spinor
uχ(p) can be written as, with q = p
′ − p,
u¯χ(p
′)
[
γµF1(q
2) +
iσµνqν
2mχ
F2(q
2)
]
uχ(p) , (19)
where the Pauli form factor is given in the gauge-gravity duality (See Fig. 2) as
F2(−Q2) =
∑
n
gρn
m2ρn +Q
2
, (20)
where ρn is the n-th vector meson with its coupling to the baryon gρn . In the confining
gauge theory the vector meson mass, mρ ∼ Λ. The coupling gρ measures the overlap of
the wavefunctions of the vector mesons and the baryons in the holographic direction [19].
Therefore the g factor is given by the dimensional analysis as
g ≡ F2(0) = κ
m2χ
Λ2
, (21)
where κ = O(1) is a dimensionless constant. If the chiral symmetry were spontaneously
broken, the baryon mass would be of the order of the confinement scale mχ ∼ Λ and the
g-factor would be of the order one as in the case of nucleons. However, since the chiral
symmetry is not spontaneously broken for the chimera dark-baryon, its gyromagnetic ratio
will be parametrically very small, g ∼ (mχ/Λ)2  1 , as mχ ∼ mq  Λ .
Being electrically neutral but carrying a very small magnetic-dipole-moment, the chimera
dark-baryons, which are the lightest fermions in the dark sector, are natural candidates for
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the dark matter. In fact they belong to the class of the dipolar dark matter (DDM), studied
in [20], whose magnetic moment is naturally much smaller though, given as
µχ = g · µB
(
me
mχ
)
, (22)
where me is the electron mass and µB = 1.23× 10−10 e cm is the Bohr magneton.
As the universe expands to undergo the confinement phase transition of the dark-colors,
most of the dark hadrons except those light ones, protected by symmetry, will decouple
thermally right after the phase transition. As the universe expands further, the chimera
dark-baryons will be out of equilibrium and the total number of the dark baryons freezes out.
The freeze-out temperature of the chimera dark-baryon is determined by the condition that
the collision rate of dark baryons is equal to the expansion rate of our universe, 〈nσ v〉Tf = H.
The freezeout temperature Tf or xf ≡ mχ/Tf is approximately [21]
xf ' ln
[
A/
√
lnA
]
(23)
where A = 0.038
√
g∗mplmχ 〈σv〉 with mpl = 1.22 × 1019 GeV and g∗ being the effective
number of relativistic degrees of freedom at Tf .
The annihilation processes for the chimera baryons are shown in Fig. 3. If mχ > mf , the
annihilation process (c) in Fig. 3 is open and dominant to give the cross section [20]
σχχ¯→ff¯v ' Neff αµ2χ , (24)
where α ' 1/137 is the fine-structure constant and Neff =
∑
f Q
2
f is the sum of all electric
charge squared in the final states. The current relic density of dark baryons, compared to
the critical density ρc ≡ 3H20/(8piG), is given as
Ωχh
2 = 2.1× 104
(
mχ
me
)
ln
(
A/
√
lnA
)
/A , (25)
where h is the current Hubble constant H0 in units of 100 km s
−1 Mpc−1. For mχ ∼ 1 MeV,
A ' 4 × 105 or the gyromagnetic ratio g ' 10−12 gives the correct relic density of Ωχh2 =
0.12 [1], which requires the confinement scale Λ ∼ 1 TeV for the dark SU(5). If we increase
the mass of the dark baryon, the g factor has to increase for the correct relic abundance.
For the benchmark value mχ = 1 GeV in [20] one finds g ∼ 10−2 for the correct DM relic
density and the confinement scale Λ ∼ 10 GeV. We therefore find that for mχ ∼ a few GeV
the explicit chiral symmetry breaking by mq is no longer perturbative and all the low-lying
9
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<latexit sha1_base64="c3JTspQy4INMxG4mb2pCu3m1on4=" >AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPMbfaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEc G1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0VZk8YiVp0ANRNcsqbhRrBOohhGgWDtYHwz89tPTGkey0czSZgf4VDykFM0Vnqo4nm/XH Fr7hxklXg5qUCORr/81RvENI2YNFSg1l3PTYyfoTKcCjYt9VLNEqRjHLKupRIjpv1sfuqUnFllQMJY2ZKGzNXfExlGWk+iwHZGaEZ6 2ZuJ/3nd1ITXfsZlkhom6WJRmApiYjL7mwy4YtSIiSVIFbe3EjpChdTYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQg CZQGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBi62NVA==</latexit><latexit sha1_base64="c3JTspQy4INMxG4mb2pCu3m1on4=" >AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPMbfaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEc G1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0VZk8YiVp0ANRNcsqbhRrBOohhGgWDtYHwz89tPTGkey0czSZgf4VDykFM0Vnqo4nm/XH Fr7hxklXg5qUCORr/81RvENI2YNFSg1l3PTYyfoTKcCjYt9VLNEqRjHLKupRIjpv1sfuqUnFllQMJY2ZKGzNXfExlGWk+iwHZGaEZ6 2ZuJ/3nd1ITXfsZlkhom6WJRmApiYjL7mwy4YtSIiSVIFbe3EjpChdTYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQg CZQGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBi62NVA==</latexit><latexit sha1_base64="c3JTspQy4INMxG4mb2pCu3m1on4=" >AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPMbfaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEc G1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0VZk8YiVp0ANRNcsqbhRrBOohhGgWDtYHwz89tPTGkey0czSZgf4VDykFM0Vnqo4nm/XH Fr7hxklXg5qUCORr/81RvENI2YNFSg1l3PTYyfoTKcCjYt9VLNEqRjHLKupRIjpv1sfuqUnFllQMJY2ZKGzNXfExlGWk+iwHZGaEZ6 2ZuJ/3nd1ITXfsZlkhom6WJRmApiYjL7mwy4YtSIiSVIFbe3EjpChdTYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQg CZQGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBi62NVA==</latexit><latexit sha1_base64="c3JTspQy4INMxG4mb2pCu3m1on4=" >AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPMbfaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEc G1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0VZk8YiVp0ANRNcsqbhRrBOohhGgWDtYHwz89tPTGkey0czSZgf4VDykFM0Vnqo4nm/XH Fr7hxklXg5qUCORr/81RvENI2YNFSg1l3PTYyfoTKcCjYt9VLNEqRjHLKupRIjpv1sfuqUnFllQMJY2ZKGzNXfExlGWk+iwHZGaEZ6 2ZuJ/3nd1ITXfsZlkhom6WJRmApiYjL7mwy4YtSIiSVIFbe3EjpChdTYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQg CZQGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBi62NVA==</latexit>
 
<latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BI vgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhC GtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMd GEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BI vgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhC GtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMd GEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BI vgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhC GtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMd GEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BI vgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhC GtCYD+sNr+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMd GEWhdPzYXgL7+8SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit>
 ¯
<latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LB bBU0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq +iFVPhvxfrXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3tx I2oooyYyOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit><latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LB bBU0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq +iFVPhvxfrXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3tx I2oooyYyOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit><latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LB bBU0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq +iFVPhvxfrXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3tx I2oooyYyOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit><latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LB bBU0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq +iFVPhvxfrXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3tx I2oooyYyOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit>
 
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrx hfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96o towJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaM JlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrx hfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96o towJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaM JlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrx hfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96o towJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaM JlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrx hfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96o towJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaM JlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
 
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrx hfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96o towJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaM JlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrx hfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96o towJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaM JlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrx hfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96o towJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaM JlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrx hfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96o towJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaM JlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
(b)
<latexit sha1_base64="+DT2LoA+dgD8Y1LWMR2/2Iy4eQo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYD kiPsbeaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjczv/2ESvNYPppJgn5Eh5KHnFFjpYdqcN4vV9yaOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5 LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukdVHz3Jp3f1mp3+VxFOEETqEKHlxBHW6hAU1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kDjTKNVQ ==</latexit><latexit sha1_base64="+DT2LoA+dgD8Y1LWMR2/2Iy4eQo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYD kiPsbeaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjczv/2ESvNYPppJgn5Eh5KHnFFjpYdqcN4vV9yaOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5 LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukdVHz3Jp3f1mp3+VxFOEETqEKHlxBHW6hAU1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kDjTKNVQ ==</latexit><latexit sha1_base64="+DT2LoA+dgD8Y1LWMR2/2Iy4eQo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYD kiPsbeaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjczv/2ESvNYPppJgn5Eh5KHnFFjpYdqcN4vV9yaOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5 LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukdVHz3Jp3f1mp3+VxFOEETqEKHlxBHW6hAU1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kDjTKNVQ ==</latexit><latexit sha1_base64="+DT2LoA+dgD8Y1LWMR2/2Iy4eQo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYD kiPsbeaSJXt7x+6eEI78BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxjczv/2ESvNYPppJgn5Eh5KHnFFjpYdqcN4vV9yaOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5 LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukdVHz3Jp3f1mp3+VxFOEETqEKHlxBHW6hAU1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kDjTKNVQ ==</latexit>
 
<latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvg qeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sN r+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8 SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvg qeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sN r+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8 SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvg qeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sN r+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8 SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit><latexit sha1_base64="TwKQu5I6W5bc9HOXn7rGty6B3x4=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvg qeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGtCYD+sN r+nNgVeJX5IGlGgP61+DUUIzyZSlghjT973UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbPnDLCUaJdKYvn6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZwDbBxeN4xDWjVkwdIVRzdyumMdGEWhdPzYXgL7+8 SroXTd9r+veXjdZNGUcVTuAUzsGHK2jBHbShAxRieIZXeEMSvaB39LForaBy5hj+AH3+AP+rjjI=</latexit>
 ¯
<latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbB U0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq+iFVPhvx frXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3txI2oooyYyOq2BC8 5ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit><latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbB U0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq+iFVPhvx frXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3txI2oooyYyOq2BC8 5ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit><latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbB U0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq+iFVPhvx frXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3txI2oooyYyOq2BC8 5ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit><latexit sha1_base64="dtUfl4fSDosVZrZXgPkEK80O5SE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbB U0lE0GPRi8cK9gOaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVbq+iFVPhvx frXm1t05yCrxClKDAs1+9csfJCyLURomqNY9z01NkFNlOBM4rfiZxpSyMR1iz1JJY9RBPr93Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zepmJroOcyzQzKNliUZQJYhIye54MuEJmxMQSyhS3txI2oooyYyOq2BC8 5ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGAZ3iFN+fReXHenY9Fa8kpZo7hD5zPH/vNj+s=</latexit> f
<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur 1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3d zvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeG Nn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur 1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3d zvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeG Nn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur 1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3d zvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeG Nn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur 1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3d zvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeG Nn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>
f¯
<latexit sha1_base64="lb+ofpE5XWYYfJLekAXdGFslRiI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPg KeyKoMegF48RzAOSJcxOepMxszPLzKwQQv7BiwdFvPo/3vwbJ8keNLFORVU3XV1RKrixvv/tFdbWNza3itulnd29/YPy4VHTqEwzbDAllG5H1KDgEhuWW4HtVCNNIoGtaHQ781tPqA1X8sGOUwwTOpA85oxaJzW7EdUk7pUr ftWfg6ySICcVyFHvlb+6fcWyBKVlghrTCfzUhhOqLWcCp6VuZjClbEQH2HFU0gRNOJmnnZIzp/RJrNxhJS2Zq783JjQxZpxEbjKhdmiWvZn4n9fJbHwdTrhMM4uSLQ7FmSBWkdnrpM81MivGjlCmuctK2JBqyqwrqORKCJZf XiXNi2rgV4P7y0rtJq+jCCdwCucQwBXU4A7q0AAGj/AMr/DmKe/Fe/c+FqMFL985hj/wPn8AGXSOzQ==</latexit><latexit sha1_base64="lb+ofpE5XWYYfJLekAXdGFslRiI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPg KeyKoMegF48RzAOSJcxOepMxszPLzKwQQv7BiwdFvPo/3vwbJ8keNLFORVU3XV1RKrixvv/tFdbWNza3itulnd29/YPy4VHTqEwzbDAllG5H1KDgEhuWW4HtVCNNIoGtaHQ781tPqA1X8sGOUwwTOpA85oxaJzW7EdUk7pUr ftWfg6ySICcVyFHvlb+6fcWyBKVlghrTCfzUhhOqLWcCp6VuZjClbEQH2HFU0gRNOJmnnZIzp/RJrNxhJS2Zq783JjQxZpxEbjKhdmiWvZn4n9fJbHwdTrhMM4uSLQ7FmSBWkdnrpM81MivGjlCmuctK2JBqyqwrqORKCJZf XiXNi2rgV4P7y0rtJq+jCCdwCucQwBXU4A7q0AAGj/AMr/DmKe/Fe/c+FqMFL985hj/wPn8AGXSOzQ==</latexit><latexit sha1_base64="lb+ofpE5XWYYfJLekAXdGFslRiI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPg KeyKoMegF48RzAOSJcxOepMxszPLzKwQQv7BiwdFvPo/3vwbJ8keNLFORVU3XV1RKrixvv/tFdbWNza3itulnd29/YPy4VHTqEwzbDAllG5H1KDgEhuWW4HtVCNNIoGtaHQ781tPqA1X8sGOUwwTOpA85oxaJzW7EdUk7pUr ftWfg6ySICcVyFHvlb+6fcWyBKVlghrTCfzUhhOqLWcCp6VuZjClbEQH2HFU0gRNOJmnnZIzp/RJrNxhJS2Zq783JjQxZpxEbjKhdmiWvZn4n9fJbHwdTrhMM4uSLQ7FmSBWkdnrpM81MivGjlCmuctK2JBqyqwrqORKCJZf XiXNi2rgV4P7y0rtJq+jCCdwCucQwBXU4A7q0AAGj/AMr/DmKe/Fe/c+FqMFL985hj/wPn8AGXSOzQ==</latexit><latexit sha1_base64="lb+ofpE5XWYYfJLekAXdGFslRiI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPg KeyKoMegF48RzAOSJcxOepMxszPLzKwQQv7BiwdFvPo/3vwbJ8keNLFORVU3XV1RKrixvv/tFdbWNza3itulnd29/YPy4VHTqEwzbDAllG5H1KDgEhuWW4HtVCNNIoGtaHQ781tPqA1X8sGOUwwTOpA85oxaJzW7EdUk7pUr ftWfg6ySICcVyFHvlb+6fcWyBKVlghrTCfzUhhOqLWcCp6VuZjClbEQH2HFU0gRNOJmnnZIzp/RJrNxhJS2Zq783JjQxZpxEbjKhdmiWvZn4n9fJbHwdTrhMM4uSLQ7FmSBWkdnrpM81MivGjlCmuctK2JBqyqwrqORKCJZf XiXNi2rgV4P7y0rtJq+jCCdwCucQwBXU4A7q0AAGj/AMr/DmKe/Fe/c+FqMFL985hj/wPn8AGXSOzQ==</latexit>
 
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfU Y9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sO KWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3L fKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfU Y9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sO KWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3L fKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfU Y9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sO KWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3L fKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfU Y9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sO KWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3L fKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
(c)
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FIG. 3: Annihilation processes
dark-hadrons will have mass of the order of Λ ∼ 3−5 GeV if the chimera dark-baryons were
to be the major components of DM. Our model will be then a kind of SIMP model with
dark baryons and dark axion.
B. Hot relics
If the dark-baryon is very light, it will decouple from the thermal bath at temperatures
much higher than its mass to become hot relics. The decoupling temperature for the rela-
tivistic dark-baryons, whose number density n(T ) = 8T 3ζ(3)/pi2, is then given as
Td =
1.67g
1/2
∗
n(Td)T
−3
d · σv ·mpl
' 0.55 g
1/2
∗
α2N˜eff
· Λ
4
m2χmpl
, (26)
where g∗ is the effective massless degrees of freedom at Td and N˜eff =
∑
f Q
2
f is to sum over
the electric charge squared for fermions in thermal equilibrium with the dark baryons via the
reactions shown in Fig. 4. In order not to spoil the Cosmic Microwave Background (CMB)
measurements, we require the dark baryons decouple before the QCD phase transition epoch.
The dark-baryon mass is then from Eq. (26) given in terms of the confinement scale and the
decoupling temperature as
mχ ' 100 eV
(
Λ
1 GeV
)2
·
(
1 GeV
Td
)1/2
. (27)
The mass of the relativistic dark-baryons, that decouple before the QCD hadronization,
therefore should be mχ & 1 eV, since the dark-color has to confine before the decoupling of
dark baryons.
The relativistic degrees of freedom at the decoupling will contribute to the present relic
mass density [21]
Ωχh
2 = 7.83× 10−2 [g∗(xd)/geff ] (mχ/eV) . (28)
10
 
<latexit sha1_base64="lYmDFp3Q5owu32lmKEW NNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LX jwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXr GO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xCmxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSw Uxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6 +f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKp zAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit><latexit sha1_base64="lYmDFp3Q5owu32lmKEW NNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LX jwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXr GO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xCmxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSw Uxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6 +f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKp zAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit><latexit sha1_base64="lYmDFp3Q5owu32lmKEW NNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LX jwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXr GO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xCmxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSw Uxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6 +f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKp zAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit><latexit sha1_base64="lYmDFp3Q5owu32lmKEW NNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LX jwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXr GO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xCmxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSw Uxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6 +f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKp zAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit>
 
<latexit sha1_base64="lYmDFp3Q5owu32lmKEWNNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69B IvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXrGO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xC mxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSwUxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6+f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u 5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKpzAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit><latexit sha1_base64="lYmDFp3Q5owu32lmKEWNNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69B IvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXrGO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xC mxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSwUxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6+f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u 5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKpzAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit><latexit sha1_base64="lYmDFp3Q5owu32lmKEWNNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69B IvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXrGO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xC mxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSwUxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6+f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u 5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKpzAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit><latexit sha1_base64="lYmDFp3Q5owu32lmKEWNNGgxcro=">AAAB63icbVBNSwMxEJ3Ur1q/qh69B IvgqeyKoMeCFw8eKthaaJeSTbPd0CS7JFmhLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvDAV3FjP+0aVtfWNza3qdm1nd2//oH541DVJpinr0EQkuhcSwwRXrGO5FayXakZkKNhjOLkp/Mcnpg1P1IOdpiyQZKx4xC mxhTSgMR/WG17TmwOvEr8kDSjRHta/BqOEZpIpSwUxpu97qQ1yoi2ngs1qg8ywlNAJGbO+o4pIZoJ8fusMnzllhKNEu1IWz9XfEzmRxkxl6DolsbFZ9grxP6+f2eg6yLlKM8sUXSyKMoFtgovH8YhrRq2YOkKo5u 5WTGOiCbUunpoLwV9+eZV0L5q+1/TvLxutuzKOKpzAKZyDD1fQgltoQwcoxPAMr/CGJHpB7+hj0VpB5cwx/AH6/AECvI48</latexit>
e 
<latexit sha1_base64="4s86jLqtqH1xkK3cGuqP7bVkQJE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tF oNgY7gTQcuAjYVFRPMByRn2NnPJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pCpXksH8w4QT+iA8lDzq ix0j0+nvXKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4v ZWwoZUUWZsOiUbgrf48jJpnlc9t+rdXVRqt3kcRTiCYzgFDy6hBjdQhwYwGMAzvMKbI5wX5935mLcWnHzmEP7A+fwB6hyNkg==</latexit><latexit sha1_base64="4s86jLqtqH1xkK3cGuqP7bVkQJE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tF oNgY7gTQcuAjYVFRPMByRn2NnPJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pCpXksH8w4QT+iA8lDzq ix0j0+nvXKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4v ZWwoZUUWZsOiUbgrf48jJpnlc9t+rdXVRqt3kcRTiCYzgFDy6hBjdQhwYwGMAzvMKbI5wX5935mLcWnHzmEP7A+fwB6hyNkg==</latexit><latexit sha1_base64="4s86jLqtqH1xkK3cGuqP7bVkQJE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tF oNgY7gTQcuAjYVFRPMByRn2NnPJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pCpXksH8w4QT+iA8lDzq ix0j0+nvXKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4v ZWwoZUUWZsOiUbgrf48jJpnlc9t+rdXVRqt3kcRTiCYzgFDy6hBjdQhwYwGMAzvMKbI5wX5935mLcWnHzmEP7A+fwB6hyNkg==</latexit><latexit sha1_base64="4s86jLqtqH1xkK3cGuqP7bVkQJE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tF oNgY7gTQcuAjYVFRPMByRn2NnPJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pCpXksH8w4QT+iA8lDzq ix0j0+nvXKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4v ZWwoZUUWZsOiUbgrf48jJpnlc9t+rdXVRqt3kcRTiCYzgFDy6hBjdQhwYwGMAzvMKbI5wX5935mLcWnHzmEP7A+fwB6hyNkg==</latexit>
e 
<latexit sha1_base64="4s86jLqtqH1xkK3cGuqP7bVkQJE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tF oNgY7gTQcuAjYVFRPMByRn2NnPJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pCpXksH8w4QT+iA8lDzq ix0j0+nvXKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4v ZWwoZUUWZsOiUbgrf48jJpnlc9t+rdXVRqt3kcRTiCYzgFDy6hBjdQhwYwGMAzvMKbI5wX5935mLcWnHzmEP7A+fwB6hyNkg==</latexit><latexit sha1_base64="4s86jLqtqH1xkK3cGuqP7bVkQJE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tF oNgY7gTQcuAjYVFRPMByRn2NnPJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pCpXksH8w4QT+iA8lDzq ix0j0+nvXKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4v ZWwoZUUWZsOiUbgrf48jJpnlc9t+rdXVRqt3kcRTiCYzgFDy6hBjdQhwYwGMAzvMKbI5wX5935mLcWnHzmEP7A+fwB6hyNkg==</latexit><latexit sha1_base64="4s86jLqtqH1xkK3cGuqP7bVkQJE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tF oNgY7gTQcuAjYVFRPMByRn2NnPJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pCpXksH8w4QT+iA8lDzq ix0j0+nvXKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4v ZWwoZUUWZsOiUbgrf48jJpnlc9t+rdXVRqt3kcRTiCYzgFDy6hBjdQhwYwGMAzvMKbI5wX5935mLcWnHzmEP7A+fwB6hyNkg==</latexit><latexit sha1_base64="4s86jLqtqH1xkK3cGuqP7bVkQJE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tF oNgY7gTQcuAjYVFRPMByRn2NnPJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pCpXksH8w4QT+iA8lDzq ix0j0+nvXKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4v ZWwoZUUWZsOiUbgrf48jJpnlc9t+rdXVRqt3kcRTiCYzgFDy6hBjdQhwYwGMAzvMKbI5wX5935mLcWnHzmEP7A+fwB6hyNkg==</latexit>
FIG. 4: A thermal equilibrium process for mχ < me.
If the decoupling temperature Td ∼ 200 MeV, g∗(xd) ∼ 20. From the current bound for
the relic density Ωmh
2 = 0.12 [1] and because geff = 7 for the dark-baryons, the allowed
mass for the hot dark-baryons to be the subdominant component of DM, Ωχh
2 ∼ 0.02, is
mχ ∼ 1 eV, which implies the confinement scale of the dark-color, Λ ∼ ΛQCD. The dark
baryons decouple shortly after the dark-color confinement phase transition but just before
the QCD hadronization transition.
C. Dark radiation
When the dark-baryon mass vanishes or the current dark-quark mass mq → 0, the mag-
netic moment of dark baryons does vanish because of the exact and unbroken chiral sym-
metry. Though the magnetic moments are absent, the dark baryons do interact with the
standard model particles (electrically charged), since the dark-baryons are made of electri-
cally charged dark-quarks. Namely the dark-baryons do have the Dirac form-factor F1(−Q2).
The leading interaction of dark-baryons to photons is a chiral-invariant dimension 6 operator,
L6 = e cd
Λ2
χ¯γµχ∂νF
µν , (29)
where e is the electromagnetic coupling and cd is a dimensionless coupling of order one and
Λ is the confinement scale of the dark-colors. If we integrate out the photon fields, the
scattering amplitude χe− → χe− in Fig. 4 becomes a four-Fermi operactor, given as
L4F = e
2cd
Λ2
χ¯γµχ ψ¯eγµψe , (30)
where χ and ψe are the dark-baryon fields and the electron fields, respectively. Similarly to
neutrinos the ratio of the interaction rate to the expansion rate [21] is
Γint
H
∼ e
4c2dT
5/Λ2
T 2/mpl
=
(
T
Tχ
)3
, (31)
11
where the decoupling temperature of massless dark-baryons
Tχ ' 0.06 GeV
(√
cd Λ
1 GeV
)4/3
. (32)
Below Tχ the interaction rate is less than the expansion rate and the massless dark-baryons
decouple from the plasma, freely expanding. The massless dark-baryons become dark-
radiation, contributing the energy density of the total radiation [22],
ρrad =
[
1 +
7
8
(
4
11
)4/3
Neff
]
ργ , (33)
where ργ is the CMB energy density. The standard model gives Neff = 3.046 and any extra
radiation-like particle will contribute to its deviation, ∆Neff . The contribution from the
massless dark-baryons in our model is given as [23]
∆Neff =
13.56
gs∗(Tχ)4/3
· g , (34)
where gs∗ is the effective number of entropy degrees of freedom and g = 8 for the dark-baryon
doublet. As long as the decoupling temperature Tχ is higher than the QCD phase transition
or the dark-color confinement scale Λ & 3 GeV, the massless dark-baryons give ∆Neff . 0.23,
which is consistent with the recent Planck 2018 data of ∆Neff < 0.30 at 95 % [24].
Finally we note that if the current dark-quark mass were flavor-asymmetric and only one
of the current mass vanishes such as mq = diag(0,m), then the down dark-baryon becomes a
hot dark matter of mass about 1 eV, discussed in the section III B, while the up dark-baryon
becomes the dark radiation that gives ∆Neff . 0.12 because the light degrees of freedom is
reduced by half.
D. Dark axions as hot dark matter
Since the chiral symmetry Gas = SU(2)
as
L × SU(2)asR of the decuplet dark-quark Qαij is
spontaneously broken, there will be three dark-pions, which are the small fluctuations of
the condensate
〈
QαQ¯β
〉
. Furthermore, since our axial-charge assignment of dark quarks is
to cancel the axial SU(5) anomaly, there is a flavor-singlet Nambu-Goldstone boson, which
we call dark-axion. The Nambu-Goldstone bosons will get small mass, once we introduce a
small current mass mQ = diag (mU ,mD) for the dark-quark decuplet, Q
α
ij that breaks the
12
a
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FIG. 5: Dark-axion a couplings to SM matter fields f . The curly line denotes the photons.
chiral symmetry explicitly. If we take mU  mD, the dark-axion mass is much smaller than
the dark-pion mass
ma =
fpimpi
fa/6
·
√
mUmD
mU +mD
 mpi , (35)
where the dark-axion and dark-pion decay constants are of the order of the condensation
scale, fa ∼ fpi ∼ Λ.
For the dark axion to be DM, it should be very light and long-lived. The dominant decay
channel for the light dark-axion is a → γγ by the axial anomaly, Eq. (13). The decay rate
is then
Γa→γγ =
g2aγm
3
a
64pi
' 5× 10−22 s−1
( ma
10−3 eV
)3
·
(
1 TeV
fa
)2
, (36)
where gaγ = 216α/5pifa . If the dark-axion decay constant fa = 1 TeV, the dark-axions with
ma < 1.6× 10−2 eV live longer than the age of the universe.
The dark axions do not directly couple to the standard model (charged) fermions, f at the
tree level but only at the loop level with an effective dark-axion coupling, caf ∼ α2/fa [25, 26]
(See Fig. 5). From the stellar cooling constraints [27] therefore
fa ∼ Λ > 3× 105 GeV , (37)
which is more stringent than the bound from the dark-radiation constraint.
In our model the dark axions are produced when the decuplet dark-quarks condense
at temperature T ∼ Λ. They will interact with the particles in the thermal plasma by the
processes in Fig. 6 and will decouple eventually as the universe expands. Since the scattering
cross-section of dark axions is much larger with the standard model fermions or nucleons
(Fig. 6(b)), σγf→af ∼ α3/Λ2  σχγ→χa ∼ αm4χ/Λ6, dark-axions are dominantly produced
by the scattering with quarks or nucleons, similar to the hadronic axions. Therefore, as
long as the dark-axions decouple after the QCD transition, Tf ∼ Λ2/mplα3 < 100 MeV or
13
a
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 
<latexit sha1_base64="Lus6sv+WwuG90SWFKZFmln +5Nsw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMeAFw8eIpgHJEvoncwmY+axzMwKIeQfvHhQxKv/48 2/cZLsQRMLGoqqbrq74pQzY4Pg2yusrW9sbhW3Szu7e/sH5cOjplGZJrRBFFe6HaOhnEnasMxy2k41RRFz2opHN zO/9US1YUo+2HFKI4EDyRJG0Dqp2R2gENgrV4JqMIe/SsKcVCBHvVf+6vYVyQSVlnA0phMGqY0mqC0jnE5L3cz QFMkIB7TjqERBTTSZXzv1z5zS9xOlXUnrz9XfExMUxoxF7DoF2qFZ9mbif14ns8l1NGEyzSyVZLEoybhvlT973 e8zTYnlY0eQaOZu9ckQNRLrAiq5EMLll1dJ86IaBtXw/rJSu8vjKMIJnMI5hHAFNbiFOjSAwCM8wyu8ecp78d69 j0VrwctnjuEPvM8fie2PHw==</latexit><latexit sha1_base64="Lus6sv+WwuG90SWFKZFmln +5Nsw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMeAFw8eIpgHJEvoncwmY+axzMwKIeQfvHhQxKv/48 2/cZLsQRMLGoqqbrq74pQzY4Pg2yusrW9sbhW3Szu7e/sH5cOjplGZJrRBFFe6HaOhnEnasMxy2k41RRFz2opHN zO/9US1YUo+2HFKI4EDyRJG0Dqp2R2gENgrV4JqMIe/SsKcVCBHvVf+6vYVyQSVlnA0phMGqY0mqC0jnE5L3cz QFMkIB7TjqERBTTSZXzv1z5zS9xOlXUnrz9XfExMUxoxF7DoF2qFZ9mbif14ns8l1NGEyzSyVZLEoybhvlT973 e8zTYnlY0eQaOZu9ckQNRLrAiq5EMLll1dJ86IaBtXw/rJSu8vjKMIJnMI5hHAFNbiFOjSAwCM8wyu8ecp78d69 j0VrwctnjuEPvM8fie2PHw==</latexit><latexit sha1_base64="Lus6sv+WwuG90SWFKZFmln +5Nsw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMeAFw8eIpgHJEvoncwmY+axzMwKIeQfvHhQxKv/48 2/cZLsQRMLGoqqbrq74pQzY4Pg2yusrW9sbhW3Szu7e/sH5cOjplGZJrRBFFe6HaOhnEnasMxy2k41RRFz2opHN zO/9US1YUo+2HFKI4EDyRJG0Dqp2R2gENgrV4JqMIe/SsKcVCBHvVf+6vYVyQSVlnA0phMGqY0mqC0jnE5L3cz QFMkIB7TjqERBTTSZXzv1z5zS9xOlXUnrz9XfExMUxoxF7DoF2qFZ9mbif14ns8l1NGEyzSyVZLEoybhvlT973 e8zTYnlY0eQaOZu9ckQNRLrAiq5EMLll1dJ86IaBtXw/rJSu8vjKMIJnMI5hHAFNbiFOjSAwCM8wyu8ecp78d69 j0VrwctnjuEPvM8fie2PHw==</latexit><latexit sha1_base64="Lus6sv+WwuG90SWFKZFmln +5Nsw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMeAFw8eIpgHJEvoncwmY+axzMwKIeQfvHhQxKv/48 2/cZLsQRMLGoqqbrq74pQzY4Pg2yusrW9sbhW3Szu7e/sH5cOjplGZJrRBFFe6HaOhnEnasMxy2k41RRFz2opHN zO/9US1YUo+2HFKI4EDyRJG0Dqp2R2gENgrV4JqMIe/SsKcVCBHvVf+6vYVyQSVlnA0phMGqY0mqC0jnE5L3cz QFMkIB7TjqERBTTSZXzv1z5zS9xOlXUnrz9XfExMUxoxF7DoF2qFZ9mbif14ns8l1NGEyzSyVZLEoybhvlT973 e8zTYnlY0eQaOZu9ckQNRLrAiq5EMLll1dJ86IaBtXw/rJSu8vjKMIJnMI5hHAFNbiFOjSAwCM8wyu8ecp78d69 j0VrwctnjuEPvM8fie2PHw==</latexit>
(a)
<latexit sha1_base64="c3JTspQy4INMxG4mb2pCu3 m1on4=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPMbfaSJXt7x+6eEI78BBsLRWz9RX b+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0VZk8YiVp0ANRNcsqbhRrBOohhGgWDtY Hwz89tPTGkey0czSZgf4VDykFM0Vnqo4nm/XHFr7hxklXg5qUCORr/81RvENI2YNFSg1l3PTYyfoTKcCjYt9VL NEqRjHLKupRIjpv1sfuqUnFllQMJY2ZKGzNXfExlGWk+iwHZGaEZ62ZuJ/3nd1ITXfsZlkhom6WJRmApiYjL7m wy4YtSIiSVIFbe3EjpChdTYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQgCZQGMIzvMKbI5wX5935 WLQWnHzmGP7A+fwBi62NVA==</latexit><latexit sha1_base64="c3JTspQy4INMxG4mb2pCu3 m1on4=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPMbfaSJXt7x+6eEI78BBsLRWz9RX b+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0VZk8YiVp0ANRNcsqbhRrBOohhGgWDtY Hwz89tPTGkey0czSZgf4VDykFM0Vnqo4nm/XHFr7hxklXg5qUCORr/81RvENI2YNFSg1l3PTYyfoTKcCjYt9VL NEqRjHLKupRIjpv1sfuqUnFllQMJY2ZKGzNXfExlGWk+iwHZGaEZ62ZuJ/3nd1ITXfsZlkhom6WJRmApiYjL7m wy4YtSIiSVIFbe3EjpChdTYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQgCZQGMIzvMKbI5wX5935 WLQWnHzmGP7A+fwBi62NVA==</latexit><latexit sha1_base64="c3JTspQy4INMxG4mb2pCu3 m1on4=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPMbfaSJXt7x+6eEI78BBsLRWz9RX b+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0VZk8YiVp0ANRNcsqbhRrBOohhGgWDtY Hwz89tPTGkey0czSZgf4VDykFM0Vnqo4nm/XHFr7hxklXg5qUCORr/81RvENI2YNFSg1l3PTYyfoTKcCjYt9VL NEqRjHLKupRIjpv1sfuqUnFllQMJY2ZKGzNXfExlGWk+iwHZGaEZ62ZuJ/3nd1ITXfsZlkhom6WJRmApiYjL7m wy4YtSIiSVIFbe3EjpChdTYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQgCZQGMIzvMKbI5wX5935 WLQWnHzmGP7A+fwBi62NVA==</latexit><latexit sha1_base64="c3JTspQy4INMxG4mb2pCu3 m1on4=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AngpYBGwuLiOYDkiPMbfaSJXt7x+6eEI78BBsLRWz9RX b+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0VZk8YiVp0ANRNcsqbhRrBOohhGgWDtY Hwz89tPTGkey0czSZgf4VDykFM0Vnqo4nm/XHFr7hxklXg5qUCORr/81RvENI2YNFSg1l3PTYyfoTKcCjYt9VL NEqRjHLKupRIjpv1sfuqUnFllQMJY2ZKGzNXfExlGWk+iwHZGaEZ62ZuJ/3nd1ITXfsZlkhom6WJRmApiYjL7m wy4YtSIiSVIFbe3EjpChdTYdEo2BG/55VXSuqh5bs27v6zU7/I4inACp1AFD66gDrfQgCZQGMIzvMKbI5wX5935 WLQWnHzmGP7A+fwBi62NVA==</latexit>
 
<latexit sha1_base64="FIhjLtukgUFreCCScOXxjY 2Sshw=">AAAB63icbVBNSwMxEJ34WetX1aOXYBE8lV0R9Fjw0mMF+wHtUrJpthuaZJckK5Slf8GLB0W8+oe8+W /MtnvQ1gcDj/dmmJkXpoIb63nfaGNza3tnt7JX3T84PDqunZx2TZJpyjo0EYnuh8QwwRXrWG4F66eaERkK1gun9 4Xfe2La8EQ92lnKAkkmikecEltIQxrzUa3uNbwF8DrxS1KHEu1R7Ws4TmgmmbJUEGMGvpfaICfacirYvDrMDEs JnZIJGziqiGQmyBe3zvGlU8Y4SrQrZfFC/T2RE2nMTIauUxIbm1WvEP/zBpmN7oKcqzSzTNHloigT2Ca4eByPu WbUipkjhGrubsU0JppQ6+KpuhD81ZfXSfe64XsN/+Gm3myVcVTgHC7gCny4hSa0oA0doBDDM7zCG5LoBb2jj2Xr BipnzuAP0OcPAYiOOA==</latexit><latexit sha1_base64="FIhjLtukgUFreCCScOXxjY 2Sshw=">AAAB63icbVBNSwMxEJ34WetX1aOXYBE8lV0R9Fjw0mMF+wHtUrJpthuaZJckK5Slf8GLB0W8+oe8+W /MtnvQ1gcDj/dmmJkXpoIb63nfaGNza3tnt7JX3T84PDqunZx2TZJpyjo0EYnuh8QwwRXrWG4F66eaERkK1gun9 4Xfe2La8EQ92lnKAkkmikecEltIQxrzUa3uNbwF8DrxS1KHEu1R7Ws4TmgmmbJUEGMGvpfaICfacirYvDrMDEs JnZIJGziqiGQmyBe3zvGlU8Y4SrQrZfFC/T2RE2nMTIauUxIbm1WvEP/zBpmN7oKcqzSzTNHloigT2Ca4eByPu WbUipkjhGrubsU0JppQ6+KpuhD81ZfXSfe64XsN/+Gm3myVcVTgHC7gCny4hSa0oA0doBDDM7zCG5LoBb2jj2Xr BipnzuAP0OcPAYiOOA==</latexit><latexit sha1_base64="FIhjLtukgUFreCCScOXxjY 2Sshw=">AAAB63icbVBNSwMxEJ34WetX1aOXYBE8lV0R9Fjw0mMF+wHtUrJpthuaZJckK5Slf8GLB0W8+oe8+W /MtnvQ1gcDj/dmmJkXpoIb63nfaGNza3tnt7JX3T84PDqunZx2TZJpyjo0EYnuh8QwwRXrWG4F66eaERkK1gun9 4Xfe2La8EQ92lnKAkkmikecEltIQxrzUa3uNbwF8DrxS1KHEu1R7Ws4TmgmmbJUEGMGvpfaICfacirYvDrMDEs JnZIJGziqiGQmyBe3zvGlU8Y4SrQrZfFC/T2RE2nMTIauUxIbm1WvEP/zBpmN7oKcqzSzTNHloigT2Ca4eByPu WbUipkjhGrubsU0JppQ6+KpuhD81ZfXSfe64XsN/+Gm3myVcVTgHC7gCny4hSa0oA0doBDDM7zCG5LoBb2jj2Xr BipnzuAP0OcPAYiOOA==</latexit><latexit sha1_base64="FIhjLtukgUFreCCScOXxjY 2Sshw=">AAAB63icbVBNSwMxEJ34WetX1aOXYBE8lV0R9Fjw0mMF+wHtUrJpthuaZJckK5Slf8GLB0W8+oe8+W /MtnvQ1gcDj/dmmJkXpoIb63nfaGNza3tnt7JX3T84PDqunZx2TZJpyjo0EYnuh8QwwRXrWG4F66eaERkK1gun9 4Xfe2La8EQ92lnKAkkmikecEltIQxrzUa3uNbwF8DrxS1KHEu1R7Ws4TmgmmbJUEGMGvpfaICfacirYvDrMDEs JnZIJGziqiGQmyBe3zvGlU8Y4SrQrZfFC/T2RE2nMTIauUxIbm1WvEP/zBpmN7oKcqzSzTNHloigT2Ca4eByPu WbUipkjhGrubsU0JppQ6+KpuhD81ZfXSfe64XsN/+Gm3myVcVTgHC7gCny4hSa0oA0doBDDM7zCG5LoBb2jj2Xr BipnzuAP0OcPAYiOOA==</latexit>
 
<latexit sha1_base64="FIhjLtukgUFreCCScOXxjY 2Sshw=">AAAB63icbVBNSwMxEJ34WetX1aOXYBE8lV0R9Fjw0mMF+wHtUrJpthuaZJckK5Slf8GLB0W8+oe8+W /MtnvQ1gcDj/dmmJkXpoIb63nfaGNza3tnt7JX3T84PDqunZx2TZJpyjo0EYnuh8QwwRXrWG4F66eaERkK1gun9 4Xfe2La8EQ92lnKAkkmikecEltIQxrzUa3uNbwF8DrxS1KHEu1R7Ws4TmgmmbJUEGMGvpfaICfacirYvDrMDEs JnZIJGziqiGQmyBe3zvGlU8Y4SrQrZfFC/T2RE2nMTIauUxIbm1WvEP/zBpmN7oKcqzSzTNHloigT2Ca4eByPu WbUipkjhGrubsU0JppQ6+KpuhD81ZfXSfe64XsN/+Gm3myVcVTgHC7gCny4hSa0oA0doBDDM7zCG5LoBb2jj2Xr BipnzuAP0OcPAYiOOA==</latexit><latexit sha1_base64="FIhjLtukgUFreCCScOXxjY 2Sshw=">AAAB63icbVBNSwMxEJ34WetX1aOXYBE8lV0R9Fjw0mMF+wHtUrJpthuaZJckK5Slf8GLB0W8+oe8+W /MtnvQ1gcDj/dmmJkXpoIb63nfaGNza3tnt7JX3T84PDqunZx2TZJpyjo0EYnuh8QwwRXrWG4F66eaERkK1gun9 4Xfe2La8EQ92lnKAkkmikecEltIQxrzUa3uNbwF8DrxS1KHEu1R7Ws4TmgmmbJUEGMGvpfaICfacirYvDrMDEs JnZIJGziqiGQmyBe3zvGlU8Y4SrQrZfFC/T2RE2nMTIauUxIbm1WvEP/zBpmN7oKcqzSzTNHloigT2Ca4eByPu WbUipkjhGrubsU0JppQ6+KpuhD81ZfXSfe64XsN/+Gm3myVcVTgHC7gCny4hSa0oA0doBDDM7zCG5LoBb2jj2Xr BipnzuAP0OcPAYiOOA==</latexit><latexit sha1_base64="FIhjLtukgUFreCCScOXxjY 2Sshw=">AAAB63icbVBNSwMxEJ34WetX1aOXYBE8lV0R9Fjw0mMF+wHtUrJpthuaZJckK5Slf8GLB0W8+oe8+W /MtnvQ1gcDj/dmmJkXpoIb63nfaGNza3tnt7JX3T84PDqunZx2TZJpyjo0EYnuh8QwwRXrWG4F66eaERkK1gun9 4Xfe2La8EQ92lnKAkkmikecEltIQxrzUa3uNbwF8DrxS1KHEu1R7Ws4TmgmmbJUEGMGvpfaICfacirYvDrMDEs JnZIJGziqiGQmyBe3zvGlU8Y4SrQrZfFC/T2RE2nMTIauUxIbm1WvEP/zBpmN7oKcqzSzTNHloigT2Ca4eByPu WbUipkjhGrubsU0JppQ6+KpuhD81ZfXSfe64XsN/+Gm3myVcVTgHC7gCny4hSa0oA0doBDDM7zCG5LoBb2jj2Xr BipnzuAP0OcPAYiOOA==</latexit><latexit sha1_base64="FIhjLtukgUFreCCScOXxjY 2Sshw=">AAAB63icbVBNSwMxEJ34WetX1aOXYBE8lV0R9Fjw0mMF+wHtUrJpthuaZJckK5Slf8GLB0W8+oe8+W /MtnvQ1gcDj/dmmJkXpoIb63nfaGNza3tnt7JX3T84PDqunZx2TZJpyjo0EYnuh8QwwRXrWG4F66eaERkK1gun9 4Xfe2La8EQ92lnKAkkmikecEltIQxrzUa3uNbwF8DrxS1KHEu1R7Ws4TmgmmbJUEGMGvpfaICfacirYvDrMDEs JnZIJGziqiGQmyBe3zvGlU8Y4SrQrZfFC/T2RE2nMTIauUxIbm1WvEP/zBpmN7oKcqzSzTNHloigT2Ca4eByPu WbUipkjhGrubsU0JppQ6+KpuhD81ZfXSfe64XsN/+Gm3myVcVTgHC7gCny4hSa0oA0doBDDM7zCG5LoBb2jj2Xr BipnzuAP0OcPAYiOOA==</latexit>
a
<latexit sha1_base64="01PV6SOST0/1oUrkDvcyVuQPeUw=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5 EiGXAxsIiAfMByRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9u533lCpXksH8w0QT+iI8lDzqixUpMOyhW36i5A1omX kwrkaAzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFofOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmX5MhV8iMmFpCmeL2VsLGVFFmbDYlG4K3+vI6aV9VPbfqNa8r9 fs8jiKcwTlcggc1qMMdNKAFDBCe4RXenEfnxXl3PpatBSefOYU/cD5/AMZfjO8=</latexit><latexit sha1_base64="01PV6SOST0/1oUrkDvcyVuQPeUw=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5 EiGXAxsIiAfMByRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9u533lCpXksH8w0QT+iI8lDzqixUpMOyhW36i5A1omX kwrkaAzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFofOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmX5MhV8iMmFpCmeL2VsLGVFFmbDYlG4K3+vI6aV9VPbfqNa8r9 fs8jiKcwTlcggc1qMMdNKAFDBCe4RXenEfnxXl3PpatBSefOYU/cD5/AMZfjO8=</latexit><latexit sha1_base64="01PV6SOST0/1oUrkDvcyVuQPeUw=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5 EiGXAxsIiAfMByRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9u533lCpXksH8w0QT+iI8lDzqixUpMOyhW36i5A1omX kwrkaAzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFofOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmX5MhV8iMmFpCmeL2VsLGVFFmbDYlG4K3+vI6aV9VPbfqNa8r9 fs8jiKcwTlcggc1qMMdNKAFDBCe4RXenEfnxXl3PpatBSefOYU/cD5/AMZfjO8=</latexit><latexit sha1_base64="01PV6SOST0/1oUrkDvcyVuQPeUw=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5 EiGXAxsIiAfMByRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9u533lCpXksH8w0QT+iI8lDzqixUpMOyhW36i5A1omX kwrkaAzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFofOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmX5MhV8iMmFpCmeL2VsLGVFFmbDYlG4K3+vI6aV9VPbfqNa8r9 fs8jiKcwTlcggc1qMMdNKAFDBCe4RXenEfnxXl3PpatBSefOYU/cD5/AMZfjO8=</latexit>
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FIG. 6: (a) dark-axion thermal process via dark-baryons, χγ ↔ χa. (b) dark-axion scattering with
SM fermions, f or nucleons, n: γ f(n)↔ a f(n).
Λ > 106 GeV, the relic abundance of (hot) dark-axions is given as [21]
Ωah
2 ' ma
130 eV
(
10
g∗S(Tf )
)
, (38)
where g∗S is the number of entropic degrees of freedom. The very light axions with Λ >
107 GeV will live long enough to contribute too significantly to the present energy density
of the universe, unless ma . 1 eV. If the confining scale of dark-colors is lower than the
stellar bound, the dark-axion has to be much heavier than 1 keV to avoid the astrophysical
constraints or ma & 1 MeV to decay well before the primordial nucleosynthesis. In this case
the dark-axions are too short-lived to contribute to the relic density, but could be detected
at heavy-ion collisions [28].
Finally we note that the dark-axion becomes the QCD axion in the DFSZ model [29, 30]
that solves the strong CP problem, if we identify the U(1)A as the Peccei-Quinn symmetry
and take mU vanishingly small. The electroweak-singlet PQ field of the DFSZ model is then
composite6, the bound state of decuplet dark-quarks, ϕPQ ∼ Q¯Q and the confining scale
of the dark-colors should be the PQ scale, Λ ∼ fPQ ∼ 109 − 1012 GeV. For such a large
confinement scale the magnetic moment of the dark baryons become too small to contribute
to the relic density, unless the direct-detection bound is violated [20] 7.
6 In order for the dark axion to couple to gluons, the composite PQ field should couple to two Higgs doublets
ϕu and ϕd of the DFSZ model [29, 30]. The Higgs doublets therefore have to be composite as well, made
of additional dark-quarks such as ϑaijk, fully antisymmetric SU(5) indices i, j, k.
7 For such a small magnetic moment, the leading interaction of the dark baryons will be via the Dirac
form factor of the dark baryons rather than the magnetic moment, as in the case of dark radiations (30).
The dark baryons will couple to the standard model fermions by the four-Fermi interaction but with the
coupling 10−16 smaller than the weak interaction. It is however possible to produce the relic abundance
of dark baryons by the so-called freezing-in mechanism through ff¯ → χχ¯ annihilation process [31, 32].
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IV. CONCLUSION AND DISCUSSION
We have proposed a minimal model for multi-component DM and dark radiation. The
model is based on the confining SU(5) gauge theory with a doublet of fundamental dark-
quarks and another doublet of decuplet dark-quarks. In the infrared the model supports a
doublet of massless dark-baryons in the chiral limit that saturates the flavor anomalies of
the fundamental dark-quarks. The dark-baryons are however a flavor-singlet of the decuplet
dark-quarks and therefore the chiral and axial symmetries of decuplet dark-quarks has to be
broken. All the four Nambu-Goldstone bosons remain massless in the chiral limit, because
the axial charges of dark-quarks are assigned to cancel the axial SU(5) anomaly.
The model provides dark-baryons and dark-axions as light dark matter that contribute
substantially to the relic density of our universe, if the confining scale of dark-colors
1 GeV . Λ . 1 TeV. The dark baryons of our model are electrically neutral but have
the electromagnetic form factors, since the dark-quarks carry electric charges. The dark-
baryons interact electromagnetically with the standard model particles. If the fundamental
dark-quarks have a small current-mass, the dark-baryons will have a small mass, propor-
tional to the current mass, and also the magnetic moments, belonging to the class of dipolar
dark matter [20]. Depending on the confining scale, they become either cold DM of mass
∼ 1 MeV − 1 GeV, if Λ ∼ 1 − 10−2 TeV, or subdominant hot DM of mass ∼ 1 eV if
Λ ∼ ΛQCD. When the dark-baryons are very light or massless, they become dark radiation.
As long as Λ > 3 GeV, their contribution to the radiation energy is within the CMB bound,
∆Neff < 0.12. The model has also a very light dark-axion that could be subdominant hot DM
of mass ∼ 1 eV, if Λ > 107 GeV, avoiding the astrophysical and cosmological constraints.
Finally we note the dark-axion of our model becomes the QCD axion of the DFSZ model,
solving the strong CP problem, if we identify the electroweak-singlet PQ field as the com-
posite of decuplet dark-quarks, provided that the Higgs doublets ϕu and ϕd of the DFSZ
model are also composite of additional dark-quarks and the confining scale Λ is as high as
the allowed PQ scale, Λ ∼ 109 − 1012 GeV.
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